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In the late 1980s, it was becoming clear thatIn the late 1980s, it was becoming clear that
microbial biodegradation limitedmicrobial biodegradation limited

contaminant transport in groundwatercontaminant transport in groundwater
systemssystems

� Baedecker et al., 1988 (Bemidji, MN)

� Barker et al., 1987 (Borden field experiment). "Natural
Attenuation of aromatic hydrocarbons in a shallow sand
aquifer"
� First use of term "natural attenuation"

� Passive bioremediation, intrinsic bioremediation were other terms

Introduction
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By 1994, Natural Attenuation for petroleumBy 1994, Natural Attenuation for petroleum
contamination was getting regulatorycontamination was getting regulatory

acceptanceacceptance

� U.S. EPA symposium on Intrinsic Bioremediation of Ground
Water, 1994

� Wiedemeier et al., 1995, Air Force Fuels Protocol

Introduction
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After 1994, attention turned to chlorinatedAfter 1994, attention turned to chlorinated
solventssolvents

� U.S. EPA symposium on Natural Attenuation of chlorinated
organics in groundwater, 1996.

� Wiedemeier/Air Force/EPA, 1998, "Technical Protocol for
Evaluating Natural Attenuation of Chlorinated Solvents in
Groundwater"

Introduction
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EPA's ApproachEPA's Approach

� According to the U.S. EPA, monitored natural attenuation
can be selected as a remedial strategy "only….where it
will meet site remediation objectives within a timeframe
that is reasonable compared to that offered by other
methods."

EPA OSWER Directive, 1999

Introduction
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This brought up the issue ofThis brought up the issue of
Time of Remediation (TOR)Time of Remediation (TOR)

How do you estimate times of remediation?

� In 1999, there was no clear approach to this problem.

Introduction
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NAPL Mass
Dissolved Plume

Introduction
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TOR is a mass balance problemTOR is a mass balance problem

Mo – (RMNA * t)] = M remaining    (1)

Mo – (RMNA * t)] = M threshold     (2)

t =  [Mo – Mthreshold]/RMNA  =   TOR   (3)

M0 = initial contaminant mass
M remaining = mass remaining after time t
RMNA = mass removal due to MNA

Introduction
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There are many processes that contribute toThere are many processes that contribute to
contaminant removal (remediation bycontaminant removal (remediation by

monitioredmonitiored natural attenuation) [RMNA] in natural attenuation) [RMNA] in
groundwater systems, including:groundwater systems, including:

• Advection
• Dispersion
• Biodegradation
• Sorption
• NAPL Dissolution

Introduction
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Each of these components is summed up inEach of these components is summed up in
the solute-transport equationthe solute-transport equation
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Solving this equation to obtainSolving this equation to obtain
meaningful TOR estimates, however,meaningful TOR estimates, however,

is not an easy problemis not an easy problem
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To facilitate finding useful solutions, the TORTo facilitate finding useful solutions, the TOR
problem can be divided into three interactiveproblem can be divided into three interactive

components:components:

� Distance of Plume Stabilization

� Time of Plume Stabilization

� Time of NAPL Dissolution

Introduction
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Distance of Stabilization (DOS)Distance of Stabilization (DOS)
  How far will it go?How far will it go?

High-concentration Source,
Impacting Sensitive Receptors

Lower Concentration Source,
Not Impacting Sensitive Receptors

Introduction
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Time of Stabilization (TOS)Time of Stabilization (TOS)
How long will it take?How long will it take?

Source Area Removal,
1998

Collapsed Contaminant Plume,
2005?
2050?

Introduction
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Time of NAPL Dissolution (TNAD)Time of NAPL Dissolution (TNAD)
How long will it take?How long will it take?

PCE Source Area
Emplaced 1960

Source PCE
 Fully Dissolved

2005?
2050?

Introduction
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Analytical and Numerical Solutions forAnalytical and Numerical Solutions for
Solving the Mass-Balance TOR ProblemSolving the Mass-Balance TOR Problem

� Distance and Time of Plume Stabilization
� Analytical; Domenico, 1987

� Time of NAPL Dissolution
� Numerical – SEAM3D; Waddill and Widdowson, 2000

Introduction
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Introduction to NASIntroduction to NAS
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A Decision-Making Tool for AssessingA Decision-Making Tool for Assessing
Monitored Natural Attenuation andMonitored Natural Attenuation and
Estimating Cleanup TimesEstimating Cleanup Times

U.S. Geological SurveyU.S. Geological Survey
WRD Columbia, SCWRD Columbia, SC

Department of Civil andDepartment of Civil and
Environmental EngineeringEnvironmental Engineering
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NA Screening ToolsNA Screening Tools

Monitored Natural Attenuation (MNA)

Proceed with MNA
Feasibility Study

for Site X?
YES

NO

Hydrogeology

Sorption

Geochemical
and Microbial

Contaminant
Data and History

NAS
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NAS – A NAS – A ToolTool for Decision-Making for Decision-Making

Is MNA an
Appropriate
Technology
at Site X?

Site Data

Remediation
Objectives

Point of
Regulatory
Compliance

Min MaxBest Est.

NAS

Monitored Natural Attenuation (MNA)
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NAS – Questions AddressedNAS – Questions Addressed

� Distance of Plume Stabilization

� Time of Plume Stabilization

� Time of NAPL Dissolution

•• Is MNA an appropriate technology at Site X?Is MNA an appropriate technology at Site X?

andand

What degree of source remediation isWhat degree of source remediation is
required at Site X?required at Site X?
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NAS – Types of Problems and SourceNAS – Types of Problems and Source
ContaminantsContaminants

� Chlorinated Ethenes
� PCE or

� TCE

� Petroleum Hydrocarbons
� BTEX

� MTBE (optional)

� Naphthalene (optional)
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NAS – Site Name DialogNAS – Site Name Dialog
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Chlorinated Chlorinated EtheneEthene Sites Sites
NAS
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Petroleum Hydrocarbon SitesPetroleum Hydrocarbon Sites
NAS
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NAS – Site Data AssessmentNAS – Site Data Assessment

Site Data Assessment
(Identification of Terminal Electron-Accepting Process [TEAP] Zones

and Natural Attenuation Capacity [NAC] Calculation)

Site Data Assessment
(Identification of Terminal Electron-Accepting Process [TEAP] Zones

and Natural Attenuation Capacity [NAC] Calculation)
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NAS – Site Data AssessmentNAS – Site Data Assessment

Data Requirements

� Hydrogeologic data

� Contaminant concentrations

� Redox indicator concentrations

� Sorption characteristics

Goal:
Determine contaminant degradation rates
and redox zonation
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NAS Example –NAS Example –
Naval Submarine Base Kings Bay, GANaval Submarine Base Kings Bay, GA

PCE Source
 (total chlorinated
 ethenes plume)

(mg/L)
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NAS Example – NSB Kings Bay, GANAS Example – NSB Kings Bay, GA
Site InformationSite Information
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NAS
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NAS
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NAS
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Distance and Time of StabilizationDistance and Time of Stabilization
DemonstrationDemonstration

Open NAS and give demonstration of DOS
and TOS calculations for Cecil Field

Open NAS and give demonstration of DOSOpen NAS and give demonstration of DOS
and TOS calculations for Cecil Fieldand TOS calculations for Cecil Field

NAS
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NAPL Dissolution Modeling withNAPL Dissolution Modeling with
SSequential equential EElectron lectron AAcceptorcceptor
MModel for odel for 3D3D Transport ( Transport (SEAM3DSEAM3D))

        U.S. Geological Survey        U.S. Geological Survey
        WRD Columbia, SC        WRD Columbia, SC

Department of Civil andDepartment of Civil and
Environmental EngineeringEnvironmental Engineering
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SEAM3DSEAM3D

� Sequential Electron Acceptor Model for 3D Transport

� Simulates both aerobic and anaerobic biodegradation of
contaminants in groundwater

� Designed for application to:
� Engineered bioremediation systems

� Intrinsic bioremediation (natural attenuation)
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Reductive Dechlorination
Package

Cometabolism Package

Biodegradation Package

NAPL Dissolution Package

Advection Package

Dispersion Package

Source/Sink Mixing Package

Reaction Package

MT3DMS

BTN Package

SEAM3D

SEAM3D version 3.0:
� Released - July 2002
SEAM3D version 3.0:
� Released - July 2002

SEAM3D
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SEAM3DSEAM3D
Governing EquationsGoverning Equations

� Hydrocarbon Compounds:  Sls  (ls=1, 2, …, NH)

     NH = number of hydrocarbon compounds specified by model users
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SEAM3DSEAM3D
Sequential Sequential TEAPsTEAPs

� EA Inhibition Function - prevents
anaerobic TEAPs from operating
in the presence of higher-energy
electron acceptors:

for le = 2, 3, 4, 5, 6
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SEAM3DSEAM3D
Hydrocarbon BiodegradationHydrocarbon Biodegradation

� Hydrocarbon Biodegradation – BTEX loss may be simulated using utilization
rates varying by compound and TEAP

SEAM3D prediction of five
hydrocarbon (HC) substrate
concentrations, showing
the effect of varying the
maximum specific rate of
substrate utilization.
Arrows indicate the
termination of each
electron acceptor process.

SEAM3D prediction of five
hydrocarbon (HC) substrate
concentrations, showing
the effect of varying the
maximum specific rate of
substrate utilization.
Arrows indicate the
termination of each
electron acceptor process.

0

3

6

9

12

0 20 40 60 80 100

Time (days)

HC4

HC5O2

NO3

Fe(I

HC3

HC2

HC1

SO4

Fe(III)

Aq
ue

ou
s H

C 
Co

nc
en

tra
tio

n 
(m

g/
L)



RITS Spring 2003: Estimating Times of Remediation Associated with Natural Attenuation 44

Factors Affecting NAPL DissolutionFactors Affecting NAPL Dissolution

NAPL Properties

� NAPL mass

� Residual saturation

� Contaminant mass fraction

� Physical properties of NAPL components

� NAPL dissolution coefficient (kNAPL)

� Source geometry

SEAM3D
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Source GeometrySource Geometry
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Factors Affecting NAPL DissolutionFactors Affecting NAPL Dissolution
� Groundwater velocity

� Hydraulic conductivity
� Hydraulic gradient
� Porosity

� Sorption
� Fraction of organic carbon
� Partition coefficient

� Dispersivity

� Biodegradation (source area)

SEAM3D



RITS Spring 2003: Estimating Times of Remediation Associated with Natural Attenuation 47

NAPL CompositionNAPL Composition

Benzene
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Ethyl benzene
Xylene
Other Aromatics
Aliphatics
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NAPL DissolutionNAPL Dissolution

The rate of NAPL dissolution is specified using a mass-transfer function.The rate of NAPL dissolution is specified using a mass-transfer function.
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NAPL DissolutionNAPL Dissolution

Mass = 128 kg (gasoline), Sr = 0.115, Vol = 42 gal, k = 3.0 d^-1
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Estimating Source MassEstimating Source Mass

Inverse modeling

� Flux method by Butcher and Gauthier
(Ground Water, v. 32, no. 1, 1994)
� Estimate of source zone mass flux is developed using field data

set, C(x,y), and 2D, steady-state analytical model

� Flux estimate is matched to an analytical dissolution flux model
by which NAPL volume or mass is quantified

� Compare numerical model results to time series data at
source zone monitoring wells

SEAM3D
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Open NAS and give demonstration of NAPL
dissolution using Kings Bay data set

Open NAS and give demonstration of NAPLOpen NAS and give demonstration of NAPL
dissolution using Kings Bay data setdissolution using Kings Bay data set

NAPL Dissolution DemonstrationNAPL Dissolution Demonstration
SEAM3D
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NAPL Mass
Dissolved PlumeMarine Corps AirMarine Corps Air

Station (MCAS)Station (MCAS)
Beaufort Case StudyBeaufort Case Study
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Laurel Bay Site, SCLaurel Bay Site, SC
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Natural Attenuation Software (NAS)Natural Attenuation Software (NAS)
Laurel Bay SiteLaurel Bay Site

MCAS Beaufort Case Study
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Time of Stabilization at Laurel BayTime of Stabilization at Laurel Bay
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NAPL Dissolution TOR, MCAS Beaufort, SCNAPL Dissolution TOR, MCAS Beaufort, SC
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~4 mg/L

Vinyl Chloride

SubaseSubase Kings Bay Case Study Kings Bay Case Study
MCAS Beaufort Case Study
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Kings Bay Site, August 1998Kings Bay Site, August 1998
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Kings Bay Site, August 2002Kings Bay Site, August 2002
MCAS Beaufort Case Study
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Source AreaSource Area
Before and After Fenton’s TreatmentBefore and After Fenton’s Treatment
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Figure --. Sulfate and chlorinated ethenes, USGS-3
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KBA-13AKBA-13A
Before and After Fenton’s TreatmentBefore and After Fenton’s Treatment
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Figure --. Concentrations of sulfate, and chlorinated ethenes versus time
                 after in-situ oxidation.
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USGS-9USGS-9

Figure 9.--Changes in concentrations of chlorinated ethenes 
                  at well USGS-9 between 1998 and 2002.
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USGS-11USGS-11

Figure 9.--USGS-11, Chlorinated Ethenes vs. Time
             (downgradient line of wells).
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Natural Attenuation Software (NAS)Natural Attenuation Software (NAS)
Kings Bay SiteKings Bay Site

MCAS Beaufort Case Study
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NAS Simulation of KBA-13ANAS Simulation of KBA-13A
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NAS Simulation of USGS-9NAS Simulation of USGS-9
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NAS Simulation of USGS-11NAS Simulation of USGS-11
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Presentation OverviewPresentation Overview

� Introduction

� A Decision-Making Tool for Assessing MNA and Estimating
Cleanup Times: Natural Attenuation Software (NAS)

� NAPL Dissolution Modeling with Sequential Electron
Acceptor Model for 3D Transport (SEAM-3D)

� Case Study

� Conclusions
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ConclusionsConclusions
� The TOR problem is difficult but not unsolvable
� It is useful to divide the TOR problem into three interactive

components
� Distance of Stabilization (DOS)
� Time of Stabilization (TOS)
� Time of NAPL Dissolution (TNAD)

� The NAS tool uses this framework to facilitate TOR
estimates

� NAS predictions are in line with monitoring data
� NAS has been used to reach regulatory closure of sites
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NAS and NAS and SEAM-3DSEAM-3D Software Software

� Acquiring NAS and SEAM-3D
� NAS can be downloaded from: http://www.cee.vt.edu/nas/

� SEAM-3D is part of Groundwater Modeling System (GMS)
maintained by DoD

� Two-Day In-Depth Training for NAS
� Southwest Division, July 22-23; Southern Division, August 5-6

� Sign up through Engineering Service Center (ESC)
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NAVFAC Points of ContactNAVFAC Points of Contact
� SOUTHDIV

� (843) 820-5561

� NFESC
� (805) 982-2669
� (805) 982-1551
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